Abstract In this paper, we first discuss the detection of supernova neutrino on Earth. Then we propose a possible method to acquire information about θ13 smaller than 1.5
Introduction
The supernova (SN) explosion is one of the most spectacular cosmic events and a source of new physics ideas [1, 2, 28, 29, 30] . Observable effects of SN neutrinos in underground detectors have been a subject of intense investigation in astroparticle physics, both on general grounds and in relation to the SN event like 1987A. In particular, flavor oscillation in the SN may shed light on the problem of neutrino masses and mixing by means of the associated matter effects. Several neutrino laboratories, including the Daya Bay reactor neutrino underground laboratory [3] which is under construction, can be used to detect possible neutrino events from an SN explosion and serve as the SN Earth Warning System. Hence theoretical prediction for the detection of SN neutrinos in the Daya Bay and other neutrino experiments is very desirable.
In the realistic case, when we detect neutrinos from a type II SN explosion at Daya Bay, there are three effects (the collective effects arising from neutrino-neutrino interactions [4, 5, 6, 7, 8, 9, 10, 11, 12] , the well-known Mikheyev-Smirnov-Wolfenstein (MSW) effects [13, 14, 15, 16] , and Earth matter effects [17, 18, 19] ) need to be considered. Using the Landau-Zener formula [20, 21] , the expression of the crossing probability, P H , which is the neutrino jump probability from mass eigenstate ν 1 to ν 3 at the high resonance region inside the SN, can be calculated [22, 23, 24] . With the relation between P H and the mixing angle θ 13 , we can predict the SN neutrino event numbers N as a function of θ 13 . Therefore, we can propose a possible method to acquire information about small θ 13 through the detection of SN neutrinos [19] .
2 Detection of SN neutrinos on Earth SN are extremely powerful explosions in the universe which terminate the life of some stars [1, 25, 26, 27] .
They make the catastrophic end of stars more massive than 8 solar masses leaving behind compact remnants such as neutron stars or black holes which may be observed. ) is approximately the gravitational binding energy of the core. It generates intensive neutrinos which take away about 99% of this total energy. The explosion itself consumes about 1% of this total energy. The vast amount of neutrinos are produced in two bursts. In the first burst which lasts for only a few milliseconds, electron neutrinos are generated via the electron capture by nuclei e − +N (Z, A) → N (Z −1, A)+ν e and the inverse betadecay e − +p → n+ν e . In the second burst which lasts longer, neutrinos of all flavors (ν α andν α with α being e, µ, τ ) are produced through the electron-positron pair annihilation e − + e + → ν α +ν α , electron-nucleon bremsstrahlung e ± + N → e ± + N + ν α +ν α , nucleonnucleon bremsstrahlung N + N → N + N + ν α +ν α , plasmon decay γ → ν α +ν α , and photoannihilation γ+e ± → e ± +ν α +ν α [25, 26, 27] . When SN neutrinos of a definite flavor are produced they are approximately in an effective mass eigenstate due to the extremely high matter density environment. While they propagate outward to the surface of the SN they could experience collective effects [4, 5, 6, 7, 8, 9, 10, 11, 12] and MSW effects [13, 14, 15, 16] . After travelling the cosmic distance to reach Earth, the arriving neutrinos are mass eigenstates, which then oscillate in flavors while going through Earth matter. Therefore, we also have to consider Earth matter effects [17, 18, 19] when we compute the event numbers of the various flavors of neutrions. Let P νν represent the collective effects of neutrinoneutrino interactions which is a stepwise flavor conversion probability of neutrinos at a critical energy E C . In order to obtain a simple expression for P νν for the neutrino andP νν for the antineutrino, we take a constant matter density and box-spectra for both the neutrino and antineutrino [8, 9, 10] . An analysis of the collective effects in the case of three flavors has been made in Ref. [11] , and it allows us to characterize the collective oscillation effects and to write down the flavor spectra of the neutrino and antineutrino arriving at Earth. Following Ref. [11] , we have P νν =P νν = 1 for the normal hierarchy; andP νν = 1, while
for the inverted hierarchy, where E C = 7M eV [11, 12] .
There are two MSW resonance regions: the high resonance region and the low resonance region. Let us denote the probability that the neutrinos jump from one mass eigenstate to another at the high (low) resonance layer by P H (P L ). Using the Landau-Zener formula [20, 21] , one can obtain that
where N e is the electron density and F can be calculated by Landau's method [22] . Using the SN matter density profile ρ ≈ C ·(10 7 cm/r) 3 ·10 10 g/cm 3 where C is a structure constant between 1 and 15 [28, 29, 30] and F ≈ 1 (small θ 13 ), we can obtain an simple expression of P H that [19, 22, 23, 24] P H = exp − π 12
where |∆m 2 32 | = 2.6 × 10 −3 eV 2 . Similarity, we can calculate the expression of the crossing probability at the low resonance region inside the SN, P L . However, due to the large angle solution of the neutrino mixing, P L ≈ 0. Suppose a neutrino reaches the detector at the incident angle θ (see Fig. 1 ). Then the distance that neutrino travels through Earth is
where h (≈ 0.4km for the Daya Bay experiment) is the depth of the detector in and R E = 6400 km is the radius of Earth. Let x be the distance that the neutrino travels into Earth, then the distance of the neutrino to the center of Earth,x, is given bỹ
Let P ie be the probability that a neutrino mass eigenstate ν i enters the surface of Earth and arrives at the detector as an electron neutrino ν e , one obtains [18, 19] P 2e = sin 2 θ 12 + 1 2 sin 2 2θ 12
where θ 12 = 32.5
• , the potential V (x) that the electron neutrino experiences in Earth is √ 2G F ρ(x)/(m p + m n ) and φ m a→b is defined as
where ε(x) = 2EV (x)/△m 2 21 and ρ(x) is the matter mass density inside Earth [31] .
In the following, we calculate the event numbers N (i) of SN neutrinos that can be observed through various reaction channels "i". This is done by integrating over the neutrino energy E of the product of the target number N T , the cross section of each channel σ(i), and the neutrino flux function at the detector
where α stands for the neutrino or antineutrino of a given flavor, and D (10 kpc in the present discussion) is the distance between the SN and Earth. After a straightforward calculation, the fluxes at the detector can be obtained [11, 12] (x = µ, τ ):
for the normal hierarchy (△m 2 31 > 0), and
for the inverted hierarchy (△m 2 31 < 0). In Eqs. (7) and (8),
να is the time-integrated neutrino energy spectrum of flavor α in vacuum which can be described by the Fermi-Dirac distribution
where T α is the temperature of the neutrino [32, 33] T νe = 3 − 4M eV, Tν e = 5 − 6M eV,
η α is the pinching parameter of the spectra to represent the deviation from being exactly thermal [32, 33] η νe ≈ 3 − 5, ην e ≈ 2.0 − 2.5,
α is the the luminosity, and F αj is defined by
In the next section, using the relation between the event number of SN neutrinos detected at Daya Bay, N , and the mixing angle θ 13 , we will propose a possible method to acquire information about θ 13 smaller than 1.5
• .
3 Acquire information about θ 13 smaller than 1.5
• at Daya Bay
It can be seen from the above section that, using Eqs. (1), (3), (5), (6), (7), and (8), we can obtain the relation between the event number of different flavor SN neutrinos, N, and the mixing angle θ 13 . Let R be the ratio of the event number of ν e over that of ν e , one can obtain R as a function of θ 13 . Therefore, we can propose a possible method to acquire some information about the mixing angle θ 13 by detecting SN neutrinos. In this section, we will just consider the process of the neutrino-carbon reactions, since our method is not suitable for the inverse beta-decay and the neutrino-electron reactions in the Daya Bay experiment. The details are discussed at length in Ref. [19] .
The Daya Bay Collaboration uses LAB as the main part of the liquid scintillator and the total detector mass is about 300 tons. LAB has a chemical composition including C and H. In our calculation, the ratio of the numbers of C and H, N C /N H , is about 0.6. Therefore, the total numbers of target protons N (C) T = 1.32×10
31 . For the neutrino-neutrino reactions, the effective cross sections are as follows [34] : 
for the neutral-current capture. Using Eqs. (1), (3), (5), (6), (7), (8), (12) and (13), we plot the ratio R of the event number of ν e over that ofν e which can be detected at Daya Bay as a function of the mixing angle θ 13 . The result is shown in Fig. 2 . • . The solid curves correspond to the normal hierarchy (max), the dashed curves correspond to the inverted hierarchy (max), the dot-dashed curves correspond to the normal hierarchy (min), the dotted curves correspond to the inverted hierarchy (min), where "max" ("min") corresponds to the maximum (minimum) values of Tα and ηα.
It can be seen from Fig. 2 that the uncertainties of R due to T α and η α are not large. For θ 13 ≤ 1.5
• , R is very sensitive to θ 13 . However, while θ 13 > 1.5
• , R is nearly independent of θ 13 . Therefore, when θ 13 is smaller than 1.5
• , we may restrict the mixing angle θ 13 in a small range and get information about mass hierarchy by detecting the ratio of event numbers of SN neutrinos even though there are still some uncertainties due to the incident angle θ, the mass hierarchy △m 2 31 , and the structure coefficient C of the SN density function.
At the Daya Bay experiment, the sensitivity of sin 2 2θ 13 will reach 0.01, i.e., to determine θ 13 down to about 3
• . Therefore, if the actual value of θ 13 is smaller than 3
• , the Daya Bay experiment can only provide an upper limit for θ 13 . However, if an SN explosion takes place during the operation of Daya Bay, roughly within the cosmic distance considered here, it is possible to reach a much smaller value of θ 13 through the ratio of the event numbers of different flavor SN neutrinos in the channel of neutrinocarbon reactions as discussed above. It is interesting to note that because of the multi detectors set up, experiments such as the Daya Bay have an internal coincidence check for SN neutrino events.
Summary and discussion
In this paper, we first discuss the detection of SN neutrinos on Earth. Since neutrino flavor conversions inside the SN depend on the neutrino mixing angle θ 13 , we give a possible method to acquire information about θ 13 smaller than 1.5
• by detecting SN neutrinos at Daya Bay.
We let the parameters in the neutrino energy spectra (the temperatures and the pinching parameters) vary in some reasonable ranges. In fact, the simulations from the two leading groups, the Livermore group [35] and the Garching group [36, 37] , led to parameters which agree within about 20-30%. However, their central values of SN parameters are different.
